Although great efforts have been made to improve the physical phantoms used to calibrate in vivo measurement systems, these phantoms represent a single average counting geometry and usually contain a uniform distribution of the radionuclide over the tissue substitute. As a matter of fact, significant corrections must be made to phantom-based calibration factors in order to obtain absolute calibration efficiencies applicable to a given individual. The importance of these corrections is particularly crucial when considering in vivo measurements of low energy photons emitted by radionuclides deposited in the lung such as actinides. Thus, it was desirable to develop a method for calibrating in vivo measurement systems that is more sensitive to these types of variability. Previous works have demonstrated the possibility of such a calibration using the Monte Carlo technique.
INTRODUCTION
One of the missions of the IRSN's Internal Dose Assessment Laboratory (LEDI), is the evaluation of the level of internal contamination of people who have absorbed radionuclides. The method used in assessing internal contamination presented in this document is whole-body counting. This consists in the direct measurement of X-and gamma rays emitted by radionuclides found in the entire body or in a specific organ (thyroid, lungs, etc.). For Xor gamma-ray-emitting radionuclides, with energies higher than 100 keV, it is a fast and easy to implement method.
However, in the presence of actinides (such as uranium, plutonium or americium) and in the case of absorption through the lungs or a skin wound, detection becomes complex and difficult because of the low radiation energies and their high absorption into human tissues.
Furthermore, although significant efforts have been made to improve the manufacture of physical phantoms used in calibrating whole-body counting facilities, phantoms can only provide a more or less rough representation of human tissues. Consequently, it is necessary to make significant corrections to calibration factors obtained by using these phantoms for optimal whole-body measurements of an individual contaminated after absorption through the lungs or a skin wound.
These corrections, which are difficult to make, are essential, particularly for low-energy in vivo measurements because of the high absorption into the tissues (1) . Voxelised digital phantoms are associated with Monte Carlo calculation techniques (2) to improve calibration under these conditions. A user-friendly graphic interface called OEDIPE ( personalised internal dose measurement tool) is used to design and use voxelised phantoms created from personal scanner or MRI images, to set up detectors around the phantom, and load it with radionucleides distributions. It thus enables accurate simulations of measurements, under conditions close to real-life situations, by creating the input file of the Monte Carlo calculation code for the simulation of particle transport (MCNP). The first developments and validations of OEDIPE have shown the advantages and potential of the use of voxelised phantoms for whole-body measurements (3 -5) . 
PRESENTATION OF OEDIPE
This tool simulates a whole-body counting measurement and then carries out a dose calculation (4) (which will not be treated in this document). Figure 1 shows the features of OEDIPE (5) . The first stage consists in making scanner or MRI images of the monitored person or studied phantom. When they have been imported into the interface, an imageprocessing module segments them, using the various greyscales in the image, and then associates the various organs with the tissue composition defined by the International Commission of Radiation Units and Measurements (ICRU) (6) . To improve the critical simulation process of segmentation, the commercially available DOSIGRAY w software has been installed alongside the OEDIPE interface. It is used solely for its image-processing functionalities enabling the semi-automatic segmentation of the organs or tissues from tomographic images (scanner or MRI). A bridge was also set up between DOSIGRAY and OEDIPE to enable the segmented phantom to be exploited directly. This stage leads to the definition of the digital phantom.
Lastly, counting time, the source geometry (occasional or extended nature), the radionuclides present and their activities have been introduced. The last stage consists in choosing one or more detectors from a library (where all the geometrical and intrinsic characteristics of the detectors proposed are stored) and to position them around the digital phantom. OEDIPE uses these data to automatically generate an input file for the Monte Carlo MCNP code. This functionality, which is specific to OEDIPE, makes it an essential tool for assessing internal contamination.
VALIDATION OF OEDIPE
The first step consisted in modelling the multidetector counting system of the COGEMA company at Marcoule's Laboratory of Medical Biology Analyses (LABM-Marcoule, France) using drawings provided by the manufacturer (Figure 2) . To validate the model, in situ measurements made with occasional radioactive sources were compared with the results of measurements simulated by the model. Additional measurements were then made with the Livermore phantom (a phantom used for calibrating lung measurements- Figure 3a and b) to confirm the validity of OEDIPE for the actual installation. These showed that it was possible to develop virtual efficiency curves for the digital calibration of measurement devices (3) . As an illustration of the results of such virtual calibration, it can be noticed that the ratio simulation/measurements is 1.18-1.23 at 17.5 keV, 0.99-0.98 at 26.4 keV and 1-0.98 at 59.5 keV; the two values correspond to the phantom equipped with two different overlay plates (3) . This research was then oriented towards the study of measurement uncertainties, mainly those due to the discrepancy between the standard physical calibration phantoms and the measured persons (6) . The first stage consisted in using simulation to evaluate the difference over the estimated activity for one person, identified with the Zubal phantom (Zubal's voxel phantom is based on an adult male whose height was 178 cm and weight was 70.3 kg, the resulting phantom is made of 4 Â 4 Â 4 mm 3 voxels (7) ), according to the physical phantom used for the calibration. The results showed that the physical phantom chosen (using existing bioparametric formulas that take the weight and size of the person into account) does not appear to be the most appropriate. The study highlights the importance of carrying out the digital calibration of current whole-body counting installations with voxelised phantoms based on morphologies close to that of the people to be measured. This also results in the development of new bioparametric equations that are specific to the European morphology and measuring systems, because the existing equations were mostly determined using North American morphologies and scintillator measuring systems.
The second stage consisted in simulating nonhomogeneous contamination in order to assess the influence of the heterogeneous nature of the contamination on calibration factors. Gamma spectra, due to homogeneous and heterogeneous contamination of baboon lungs contaminated with a MOX compound, were simulated and compared. For energies higher than 26 keV, the results do not seem to show a significant difference between heterogeneous contamination and homogeneous contaminations simulated by the reference model (homogeneous contamination). Conversely, at 17 keV, a difference is noted in the region of 20%. A more realistic study of heterogeneous contaminations, in particular based on pulmonary data obtained during animal experimentation has been published elsewhere (8) . The next stage of research will focus on studies related with accidental contamination through skin wounds.
CONCLUSION
Calibration associating voxelised numerical phantoms with Monte Carlo calculations has already been suggested as a mean of solving X-ray and gamma-ray in vivo measurement system calibration problems. It has accordingly been demonstrated that this approach has considerable potential for the calibration of in vivo counting systems used for measuring low energy X-ray and gamma-ray emitters in the lung. The work described in this document has been carried out to demonstrate the advantages and importance of using personalized medical images for internal dose assessment. Thus it has been suggested that this technique should be followed to significantly improve the reliability of calibration factors used to assess the internal level of contamination. The designed interface makes it possible to automatically create a MCNP input file with complex three-dimensional phantom geometry reconstituted from medical images. The results are extremely encouraging. With phantoms of different geometries, directly simulated spectra have been obtained that are comparable to those obtained by experimentation, with relative error between simulation and experimentation of less than 20%, and in most cases less than 10%. Consequently, as a result of its flexibility in accommodating complex geometry, the developed method not only represents a diagnostic tool for in vivo measurement, but also opens up new possibilities such as the optimisation of detection systems, the study of contamination with mixed actinides and any other simulation using MCNP4b where complex geometry is derived from a set of superimposed images.
